In this study, copper-coated multi-walled carbon nanotubes (MWCNTs) were prepared using electroless deposition process with an efficient bath composition. As-received MWCNTs underwent acid treatment and subsequent sensitization with tin and activation with palladium before the copper coating process. The electroless deposition process was performed in a bath, which contained copper sulphate pentahydrate as a copper precursor, potassium sodium tartrate as a complexing agent, and formaldehyde as a reducing agent. Surface modifications of MWCNTs were studied by Fourier transform infrared spectroscopy, imaging techniques (scanning electron microscopy, transmission electron microscopy), and X-ray diffraction. On the basis of the results, it was observed that the coating layer covers most surfaces of the nanotubes. Furthermore, copper oxide is also deposited on the surfaces of MWCNTs. The total amount of metals after each sensitization, activation, and metallization step was determined by thermo gravimetric method and induced coupled plasma atomic emission spectroscopy. Coating of MWCNTs was accomplished successfully through adjusting proper chemical ratios and concentrations. The calculated bath efficiency was about 99%.
Introduction
The superior mechanical, thermal, and electrical properties of carbon nanotubes (CNTs) have made them attractive for various applications, including filler materials in composites, energy storage materials, nano-probes, and sensors [1] [2] [3] [4] [5] [6] [7] . Regarding high Young's modulus of multi-walled CNTs (MWCNTs) [8] , they are potential materials to enhance strength of composites impressively; however, application of CNTs in composite fabrication encounters several challenges, which are mainly due to the non-wetting nature of CNTs, their tendency to agglomeration, and formation of clusters by Van der Waals forces [9] . In this regard, appropriate preparation of composite and modification of CNTs are crucial. Chemical modifications such as oxidation by mineral acids or plasma functionalization that introduce functional groups onto the surface of CNTs can improve interactions between polymer matrix and CNTs as the reinforcement [10] [11] [12] [13] [14] . In metal matrix composites (MMCs), although functionalization has a positive impact [15] , CNT coating of metals may be a reasonable way to achieve highstrength interfacial bonding [16] [17] [18] [19] . The coated CNTs are a reasonable selection as the precursor powder for metal matrix-carbon nanotube (MM-CNT) composite structures, processed through a powder metallurgy route. Kim et al. [18] fabricated CNT-reinforced copper matrix (CNT/ Cu) nanocomposites by pre-coating of single-wall CNTs with nickel. They mechanically mixed the powders and consolidated the nanocomposites by hot press sintering. On the basis of the results, slight decreases of electrical and thermal conductivity besides significant mechanical improvement were observed. Daoush et al. [17] evaluated mechanical and electrical properties of CNT/Cu nanocomposites prepared by electroless copper coating and spark plasma sintering. The results revealed that using electroless coating technique in fabricating CNT/ Cu nanocomposites considerably improves mechanical properties, but a drop of more than 20% in electrical conductivity is also observed by addition of 5 vol.% CNT. Rajkumar and Aravindan [20] investigated tribological properties of CNT/Cu nanocomposites using coppercoated CNTs. The results showed better tribological properties of coated composites as compared to the unreinforced copper. The improvement is attributed to the high cohesion strength of the reinforcement with matrix.
Indeed, pre-coating of CNTs with a thin layer of metal improves properties of MM-CNT composite because of the following: one is increasing density of reinforcement, which facilitates dispersion quality of constituent materials, and the other is enhancing interfacial bonding of matrix and reinforcement by improving surface reactivity of CNTs, which in turn leads to a better load transfer efficiency between two phases at the CNT/metal interface [21] .
As previous studies indicate, limited methods such as electrochemical deposition [22] , electroless deposition [23, 24] , molecular-level mixing [16] , and chemical/physical vapor deposition [25] have been applied to metal coating of CNTs. Among the aforementioned methods, the electroless deposition technique is of high importance because of its simplicity and higher efficiency. Also, the method has been used to deposit various elements such as copper [24] , nickel [26] , silver [27] , and cobalt [23] onto CNTs.
Low chemical reactivity of CNTs necessitates several treatments before the coating process. Oxidation, sensitization, and activation of surface are necessary for a dense coating of CNTs. These surface treatments can also increase the wettability to keep CNTs in the suspension and to modify their surface charge to reduce tendency of agglomeration. Sensitization and activation of CNTs, which involve the adsorption of tin and palladium particles, could be achieved either in one step [28] or in two steps [29] . The sensitization and activation processes play significant roles in the initiation of electroless metallization on any kind of non-metallic species [30] .
The deposition rate and deposit properties of electroless plating mainly depend on complexing agent, reducing agent, ratio of complexing agent to copper source, bath temperature, and pH. Also, using ultrasonic waves enhances adsorption of particles in each step of the coating procedure [31] . Concentration of the complexing agent is also important for preventing the precipitation of metal ions in solution. Besides, it helps the metal ions to participate in deposition on the substrate [32] .
To the best knowledge of the authors, very few researches have reported the coating procedure of CNTs, and detailed information on synthesis and characterization of coated CNTs is lacking. In the present work, copper-coated CNTs are synthesized in an efficient electroless 
Materials and methods
MWCNTs grade of < 15 μm length and ~50 nm diameter with purity of ~95% were supplied from Shenzhen Co. Ltd. All materials composed of highly pure chemicals were provided from Daejung Co. Ltd. (Siheung, South Korea).
The functionalization of the MWCNTs were carried out using 10.0 m HNO 3 solution for 2 h at 80°C under reflux condition after being sonicated at room temperature for 15 min. The solution was then centrifuged, and its solid content was filtered and washed several times in deionized water until the pH of the solution approached neutral values. The MWCNTs were finally dried in a vacuum oven at 70°C overnight. Prior to electroless plating, acidified MWCNTs were sensitized and activated by means of the following processes. A solution consisting of 0.1 m SnCl 2 .2H 2 O and 0.1 m HCl was used for sensitization of MWCNTs by 30 min of sonication. In order to prevent Sn(OH)Cl formation in the solution, HCl molar concentration should typically be equal to or greater than SnCl 2 . In the activation step, sensitized MWCNTs were stirred in a 0.0025 m solution of PdCl 2 , and in 0.25 m of HCl for 30 more minute by sonication. MWCNTs were washed by deionized water and separated from medium by centrifugation. Table 1 shows the copper bath composition in the electroless plating procedure. Along with a specified ratio of copper sulphate pentahydrate as a source of copper, potassium sodium tartrate (Rochelle salt) as a complexing agent, and formaldehyde as a reducing agent, 0.2 g of the activated MWCNTs was added into 100 ml of deionized water in ambient temperature. The pH of the solutions was adjusted in the range of 12.5-12.8 using sodium hydroxide solution. MWCNTs and all of the chemicals, except formaldehyde, were mixed by sonication. Formaldehyde was then added, and after about 2 min, the electroless coating reactions were initiated by emergence of hydrogen bubbles in the solution. Simultaneously, the pH drop should be recovered by adding sodium hydroxide solution. Then, the deposited MWCNTs were washed with deionized water and dried at 70°C. The schematic of the whole process is illustrated in Figure 1 .
The functional groups on the surface of the oxidized MWCNTs were detected by Bruker Vector 33 Fourier transform infrared spectroscopy (FTIR) instrument. The acid-treated MWCNTs were heated at 90°C for an hour in order to remove any possible moisture before FTIR characterization. The morphologies of the deposited MWCNT composites were characterized by transmission electron microscopy (TEM; Q1 Philips EM208) and scanning electron microscopy (SEM; Vega II TESCAN) operated at 100 and 15 kV, respectively. The quantitative elemental analysis was accomplished by energy-dispersive X-ray spectroscopy (EDX; SAMx). The crystalline structure of metal deposits was analyzed using Philips X'Pert X-ray diffractometer (XRD). The average crystallite size of the coated metals was calculated by Scherrer equation from the (111) diffraction peak. Variations of pH in the electroless bath solution during the deposition process were recorded by a digital pH meter model 56502 Az instrument Co. Ltd. Thermo gravimetric analysis (TGA) was performed in air at a heating rate of 10°C/min from ambient temperature to 800°C to quantify the mass percentage of metal particles on the surface of MWCNTs (TG/DTA 6300, SII Nanotechnology, Japan). More accurate mass percentages of tin, palladium, and copper were measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Varian 735-ES). Sample preparation for the ICP-AES analysis was carried out by dissolving 0.1 g of powder in HNO 3 at 120 to 150°C for about 45 min to 1 h. Following the separation of coated MWCNTs from suspension, concentration of copper in the filtered solution was calculated using atomic absorption spectroscopy (AAS) in order to measure copper consumption efficiency of electroless bath.
Results and discussion
Nitric acid treatment, which has been used for functionalization, is expected to produce carboxylic (COOH) and/or hydroxyl groups (OH) on the surface of MWCNTs [35, 36] . These functional groups improve the solubility of MWCNTs in aqueous solution and are suitable nucleation sites on the MWCNT surface to aid metal deposition [37, 38] . The FTIR spectra of as-received and oxidized MWCNTs are illustrated in Figure 2 . The FTIR spectrum of oxidized MWCNTs ( Figure 2B ) indicates intensive band at wavenumbers ~3440 cm -1 , which is attributed to -OH stretching vibration of the hydroxyl groups and/or -OH in carboxyl groups, whereas the bands in the range of 850-1300 cm -1 prove the presence of C-O bonds in different chemical surroundings [39] . In addition to the mentioned peaks, two other major peaks at about 1630 and 1400 cm -1 correspond to C = O bands in ketone/quinone groups and O-H bending in carboxylic acids, respectively [40, 41] . Furthermore, the appearance of the peak at wavenumbers ~3440 cm -1 in FTIR spectrum of as-received MWCNTs might be due to the partial oxidation of the surfaces of MWCNTs during the purification steps performed by the manufacturer. The peak at ~2350 cm -1 may also be associated with the presence of CO 2 in the air.
The SEM images and EDX spectra of as-received and treated MWCNTs besides TEM image of coated MWCNTs are shown in Figure 3 . As it can be seen from Figure 3A , the average diameters of as-received MWCNTs were about 50 nm, and they were twisted and entangled with each other in the form of clusters. Acid treatment is essential to unravel the twisting and to facilitate the dispersion of MWCNTs in aqueous solution. Sensitized MWCNTs and the deposited tin particles on their exterior surface are shown in Figure 3B . Figure 3C and D shows the SEM image and EDX spectrum of activated MWCNTs, respectively. Sn 2+ , which was deposited in the sensitization step, reduced the Pd 2+ to Pd colloid nuclei that served as metallic active centers for growing copper seed layer. The EDX result confirms the presence of tin, palladium, and oxygen on the MWCNTs surface in this step. The existence of oxygen may be related to the oxygen-containing functional groups that originated from the oxidation treatment. Morphology of copper-coated MWCNTs is investigated in Figure 3E . As it can be seen, the metallic particles cover most surfaces of the nanotubes. The EDX pattern in Figure 3F shows the presence of carbon, copper, oxygen, and a small amount of tin. Here, the observed oxygen may be attributed to simultaneous electroless coating deposition of copper and copper oxide on the MWCNTs. Precise TEM observation ( Figure 3G ) also confirms that the metallic copper is deposited along the exterior surfaces of a single MWCNT. Better surface treatment produces uniform metallic coating on CNTs [37] .
The crystalline phase of copper-coated MWCNTs was analyzed via the XRD pattern, as can be seen in Figure 4 . Analysis of the XRD pattern proves the existence of metallic copper and copper oxide in the deposited layer. The peaks at 43.3, 50.4, 74.1, and 89.9° 2θ are assigned to the (111), (200), (220), and (311) planes of the face-centered cubic crystal structure of copper metal. On the other hand, is the key factor to both uniform dispersion and strong interfacial bonding of constituent materials [21, 42] . The average crystallite sizes of the metallic copper and copper oxide, calculated by the Scherrer equation, are about 19.17 and 23.41 nm, respectively. Among the parameters affecting the electroless deposition process, the pH value of the electroless bath solution is the most important parameter of the experimental procedure [43] . As our experiments show, in pH values smaller than 12, no chemical deposition reactions occur after 30 min of reductant addition, whereas for the pH values in the range of 12.5-12.8, the deposition process starts in about 2 min. The maximum rate of deposition for the tartrate solution is achieved at pH of 12.8 [44] . The overall reaction for electroless copper deposition with formaldehyde as a reducing agent is:
The reaction reveals that hydrogen gas bubbles on the surface of solution and pH drop are the signs of deposition reactions' initiation. The obtained results indicate that the deposition process stops when the pH value approaches 10.5, and consequently additional sodium hydroxide solution is required. When blue color of electroless bath solution caused by copper salt vanishes, electroless copper deposition reaction is finished. Figure 5 represents TGA and differential thermal analysis (DTA) profiles of the copper-coated MWCNTs. The mass loss below ~140°C is due to the release of possible adsorbed gases and moisture on the surface of MWCNTs. Decomposition of oxygen-containing functional groups proceeds in the temperature range of 140-350°C. Total weight loss percentages for these two temperature regions were 3.3 and 5.3 wt.%, respectively. As shown in the DTA profile, the MWCNT weight loss starts at about 350°C, and two stepwise declines in weight occur at temperatures of about 385 and 410°C. Because of the layer-by-layer configuration of graphite sheets in MWCNTs, the oxidation rate of nanotubes is slower than the oxidation rate of amorphous carbon [45] . The two peaks in the DTA of MWCNTs could be attributed to the oxidation temperature of amorphous and crystalline carbon, respectively [13] . According to the aforementioned explanations, MWCNTs have less than 6 wt.% amorphous carbon. The MWCNTs oxidation finishes at near 500°C. At temperatures higher than 500°C, the remaining mass, which is 62 wt.% of the total sample weight, is attributed to deposited metals (Cu, Sn, and Pd), Cu 2 O, and catalyst nanoparticles used in synthesis of MWCNTs. Table 2 shows the concentration of metal particles deposited on MWCNTs in each step measured by ICP-AES analysis. Decreasing amounts of Sn and Pd at the final step may be due to the weak adhesion of some of these particles on the MWCNT surface. These particles may be removed from the substrate by washing. Indeed, Sn 2+ has two functions: reduction of Pd ions, and adhesion to MWCNTs surface and the subsequent adhesion of palladium to the substrate [24] considerations for achieving an efficient electroless process. Consumption of more than 99.5 wt.% of available copper besides fast initiation of deposition reactions also prove the high efficiency of the process. Crystalline phase characterization of the coated layer revealed that copper oxide also deposited on MWCNTs. On the basis of the experiments, it was inferred that the measured weight percentages of deposited metals are advantageous data for researchers who use MWCNTs as reinforcement materials in MMCs. In the future, the authors will take advantage of the copper-coated MWCNTs in polymeric matrices to fully investigate the electrical and thermal properties of the final composite.
content of the sample measured by TGA is about 4 wt.% that may attribute to the remainder oxygen and catalyst particles used in MWCNT synthesis procedures. The concentration of the remaining copper ions in the solution was 14.1 mg/l measured by AAS. That is, more than 99.5% of available copper was deposited on the MWCNTs surface. This remarkable efficiency is likely attributed to the well-adjusted ratio of complex agent to copper source, the efficient functionality of selected complex agent, and the use of ultrasonic waves.
Conclusions
Copper-coated MWCNTs were successfully synthesized using nitric acid treatment, separate sensitization and activation solutions, and electroless deposition process. The results show that the selection of proper reactants and their concentrations in the electroless bath, ratio of complexing agent to copper precursor, pH value of about 12.8, and the use of ultrasonic waves are essential 
